The results of experiments involving underwater electrical explosion of different wire arrays using an outer metallic cylinder as a shock reflector are presented. A pulse generator with a stored energy of about 6 kJ, current amplitude ≤ 500 kA, and rise time of 350 ns was used for the wire array explosion. The results of the experiments and of hydrodynamic simulations showed that in the case of a Cu wire array explosion, the addition of the reflector increases the pressure and temperature of the water in the vicinity of the implosion axis about 1.38 and about 1.33 times, respectively. Also, it was shown that in the case of an Al wire array explosion with stainless steel reflector, Al combustion results, and, accordingly, additional energy is delivered to the converging water flow generating about 540 GPa pressure in the vicinity of the explosion axis. Finally, it was found that microsecond time scale light emission that appears with microsecond time scale delay with respect to the nanosecond time scale self-light emission of the compressed water in the vicinity of the implosion axis is related to water bubbles formation which scattered light of exploded wires.
INTRODUCTION
The results of recent research Grinenko et al., 2007; Fedotov et al., 2007; Fedotov-Gefen et al., 2010 on underwater electrical wire array explosions showed that this method can be considered as an alternative to that using light gas guns (Mitchell & Nellis, 1981) , Z-pinch (Spielman et al., 1998) , powerful lasers (Celliers et al., 2004; Kolacek et al., 2010) , or intense heavy ion beams (Tahir et al., 2010) to form warm dense matter (Sasaki et al., 2006) . In addition, this method can be especially useful for studying water in extreme states, which is important for studying the physics of giant planets (Lindl et al., 1995; Nellis et al., 1997; Goldman et al., 2009) . Indeed, experimental data coupled with hydrodynamic simulations (HD) showed that the efficiency of the energy transfer from the exploding wires to the generated water flow is 20 ± 4% Efimov et al., 2009) . This allows one to consider that in the case of cylindrical wire array explosion about 10% of the energy deposited into the exploding wires is delivered to the converging water flow. Experimental results (Fedotov et al., 2007) showed that the electrical explosion of a cylindrical wire array is accompanied by the generation of a converging strong shock wave (SSW) that is formed as a result of the overlapping of SSWs formed by radially expanding exploding wires. It was shown that this converging SSW retains its azimuthal and longitudinal symmetry up to a Mach number of 12. In the vicinity of the implosion axis, this converging SSW forms an extreme state of water with density up to about 4 g/cm 3 , temperature of about 10 4 K, and pressure up to 400 GPa when a submicrosecond generator with stored energy of about 8 kJ is used .
In this paper, are reported the results of experimental research and HD simulations of the increase in the pressure, density, and temperature of the "water" in the vicinity of the implosion axis when the same pulsed generator as in Fedotov-Gefen et al. (2011) , but a modified cylindrical wire array design are used in the underwater electric explosion. That is, in this set of experiments, an outer metallic cylinder was used to produce a reflection of the SSW expanding outward from the exploding wire array. This SSW, which is reflected from the outer cylinder, increases significantly the energy delivered to the converging part of the water flow and, respectively, the density, temperature, and pressure of water in the vicinity of the implosion axis.
EXPERIMENTAL SETUP
The experimental setup is shown in Figure 1 . A high-current sub-microsecond time scale generator (Kovalchuk et al., 2009 ) with stored energy up to 9.6 kJ at a charging voltage of 100 kV delivers a current pulse with an amplitude of 760 kA and rise time of 400 ns to a 17 nH inductive load. The discharged voltage and current (see Fig. 2 ) were measured using a calibrated capacitive voltage divider and two B-dot probes, respectively. The wire array was placed between the high-voltage and grounded electrodes, which were immersed in de-ionized water (total volume of 0.4 L). The experiments with wire array electrical explosions were carried out at a generator charging voltage and stored energy of 80 kV and 6.14 kJ, respectively.
During the wire array explosion, a half of the generated water flow propagates outward from the wire array. In order to reflect a part of this diverging energy back toward the array axis, an outer cylinder made of duralumin with a density of about 2.7 g/cm 3 was used as an SSW reflector (see Fig. 3 ). The inner radius of the reflectors was larger than the array radius by Δr, varied in the range of 0.2-1.5 mm. Namely, in experiments with wire arrays having a radius of 2.5 mm, reflectors with inner radii in the range 2.7-4 mm were used. In order to avoid the electrical breakdown of the gap between the wires and the reflector, the former was coated with a 100 μm thick layer of Al 2 O 3 .
The parameters of the compressed water in the vicinity of the implosion axis were studied using SSW propagation trajectory, obtained by shadow SSW imaging, and the implosion time, defined by the fast increase of water self-light emission (see Fig. 4 ). The experimental chamber (see Fig. 1 ) has two optical windows. The upper window was used for the axial alignment of the system using a CW laser (532 nm, 15 mW) and for backlighting shadow images. The bottom optical window was used to collect the backlighting laser beam and water self-light emission. Interference filters separated the laser light from the light emitted from the water (see Fig. 1 ). In the green channel (532 nm), a sequence of overlapping shadow images was obtained using a 4QuikE camera with a frame duration ≤10 ns and time delay between frames of 300 ns.
The self-light emission from a small volume of water in the vicinity of the implosion axis was registered by a photo-multiplier tube (PMT) coupled to a 656 nm narrowband interference filter. Prior to each experiment, the optical system's sensitivity was calibrated using an Oriel QTH200 lamp. The radial cross-section of the observed area was about 1 mm in diameter; the latter was defined by the iris diaphragm I1 (see Fig. 1 ). The aperture of the iris diaphragm was adjusted to block the light emitted by the exploding wires. In addition, in the case of a wire array that was 5 mm in diameter, in order to avoid scattered light emission from the exploding wires, a thin (0.4 mm) black dielectric 
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tube, about 4 mm in diameter, was inserted coaxially inside the array. The time resolution of the red (656 nm) channel was defined by the rise time of the PMTs (about 2 ns). In these experiments, the measurements of the Plank temperature of the self-light emission were not carried out because, as was shown in Fedotov-Gefen et al. (2011) , the strong bremsstrahlung absorption by colder outer plasma layers in the vicinity of the implosion axis does not allow one to determine the temperature in the inner "water" layers.
EXPERIMENTAL RESULTS
In the present experiments with wire array explosions, the Cu and Al wires diameters were adjusted in such a way that the deposited energy and its deposition rate into the wires were almost identical in both cases. The optimal distance between the wire array and the reflector for each array diameter was chosen according to the HD simulation results, which will be described in the Section 4.2. Here let us note that when the duralumin reflector was placed at Δr ≤ 0.5 mm, a small increase in the amplitude and ringing of the discharge current and a decrease in the deposited power were obtained (see Fig. 5 ). This effect could be explained by a partial electrical breakdown occurred between the exploding wires and reflector. This breakdown leads to about 15% decrease in the total deposited energy during the first 600 ns of the discharge. At present we do not know what part of the discharge current is switched to the reflector from the exploding wire array, and additional measures are being planned to avoid this effect.
The waveform of self-light emission and the sequence of two SSW front shadow images with a time delay of about 300 ns between the frames are shown in Figure 6 . One can see that the SSW front has a good azimuthal symmetry. These shadow images, together with the time of the SSW implosion, were used for fitting with the results of the one dimension (1D) HD simulations described in Fedotov-Gefen et al. (2011) and Bazalitski et al. (2011) .
The data of the converging SSW time of flight (TOF) for Cu and Al wire arrays of different diameters, with and without the reflector, are presented in Table 1 . Here each TOF data point is an averaged value taken from several (2-3) explosions in identical conditions and it presents the time delay between the beginning of the discharge current and start of the sharp increase in the self-light emission from the water in the vicinity of the implosion axis. One can see that the application of the reflector with Δr = 0.2 mm and Δr = 0.5 mm to Cu wire arrays with a diameter of 5 mm and 10 mm, respectively, lead to a shorter implosion time (see Table 1 ). Namely, the implosion time was decreased by 20 ns and 30 ns for array diameters of 5 mm and 10 mm, respectively. Let us note here, that in the array explosion with the reflector, a decrease in the SSW TOF value was obtained in spite of the lower power and smaller energy deposited into the discharge (see Fig. 5 ). Thus, one can conclude qualitatively that at least part of the energy of the diverging SSW was reflected from the reflector and delivered to the converging SSW leading to a higher pressure at the SSW front and, respectively, the generation of higher pressure, density, and temperature in the vicinity of the implosion axis. Here let us note that the same experiments using reflectors made of delrin did not show any decrease in the SSW TOF value. In addition, when the duralumin reflector was placed at Δr ≥1 mm, a decrease in the SSW TOF was also not obtained.
It is worth mentioning that the reflector consists of two parts (see Fig. 3 ), the bottom part made of duralumin and the upper part made of delrin. The latter was used as an insulator to avoid electrical breakdown between the high-voltage electrode and the duralumin reflector. The low density of delrin (1.3 g/cm 3 ), relative to that of duralumin, causes only minor changes in the SSW profile according to previous experiments. Therefore, the observed instance of light emission in the vicinity of the implosion axis is related to the "bottom" part of the SSW being affected by the duralumin reflector, i.e., by the reflection of the diverging SSW from the reflector.
To conclude this section, let us note the result of the Al wire array explosion with the duralumin reflector: the SSW TOF had the smallest value (see Table 1 ). The qualitative explanation of this result is the additional energy delivered to the converging water flow due to the chemical combustion of the Al. An additional decrease in the SSW TOF (down to 795 ± 2 ns) was obtained in Al wire array explosions with a stainless steel reflector. These results will be discussed in Sections 4.1 and 4.2.
SIMULATIONS RESULTS

Simulations' Results of Cu and Al Wire Array Explosions
The 1D HD simulations were based on the code described in Fedotov-Gefen et al. (2011) and Bazalitski et al. (2011) with some modifications. The issue of the consistency of 1D dimension assumption was addressed in Fedotov et al. (2007) , where results of two-dimensional (2D) and 1D HD simulations are presented and where it was also demonstrated that, in the case of arrays with a large number of wires (>20), 1D calculations can be successfully employed for numerical analysis. In the present simulation, an axially symmetric water flow is described by the Euler equations in the Lagrange form. The mass of each cylindrical layer is defined as dm = 2πρrdr where ρ is the water density. The coordinate r(t,m) is defined by the Euler equations as
The motion equation and internal energy conservation law read
where V, P are the radial velocity and pressure of the water flow, respectively. To calculate the pressure P(ρ, T ) and internal energy density ε(ρ, T ), the SESAME equation of state (EOS) database (Lyon & Johnson, 1992) was used. The system of Eqs. (1) and (2) was solved numerically, according to the cross scheme described in Kalitkin (1978) . In the present modified simulations, the SSW generation and propagation velocity were governed not by a converging piston with some defined time-dependent velocity, but by the expansion of a 1D cylindrical "Cu layer" having the same total mass as the exploded wires into which electrical energy was deposited. The entire simulated volume was divided into the following parts: water layer inside the wire array, the exploding "Cu layer," the water layer that occupied the volume between the "Cu layer" and the duralumin reflector, and the reflector layer. The deposition of the energy into the exploding layer was calculated as
where V Ω and I are the experimentally obtained resistive voltage and discharge current, respectively, and α < 1 is the fitting coefficient. The space Lagrangian cells were chosen to obtain a radius of 2.5 μm for the element adjacent to the axis at the moment of its maximum compression. HD simulations were coupled with the SESAME database of EOS (Lyon & Johnson, 1992) for water, Cu, and Al. Thus, the only fitting parameter was coefficient α, which was adjusted to obtain the best fit between the simulated SSW trajectory and the experimentally obtained SSW TOF data points. In addition, it was checked that the total energy deposited into the converging water flow is ≤ 12%. The parameters of the SSW reflected from the duralumin reflector were numerically simulated with the application of the SESAME EOS database for Al. The latter allows one to account correctly for the reflector's density depending on the pressure behind the front of the SSW propagating through the reflector. The results of these simulations (the "water" pressure, density, and temperature at r = 2.5 μm at the instant of maximum pressure), which use the experimentally measured power deposited into the wire array as the input data and SSW TOF data, are presented in Table 2 . In addition, the efficiency of the transfer of the energy deposited into the exploding wire to the energy of the converging water is presented in the last row of Table 2 . The errors in the data in Table 2 result from the statistics of several successful explosion shots for each wire array configuration. 
Modified wire array underwater electrical explosion
The results of the simulations showed that the application of the duralumin reflector leads to an increase in the energy of about 170 J delivered to the converging water flow by the SSW reflected from the reflector. The latter leads to an increase in the values of pressure, density, and temperature at r = 2.5 μm by 38%, 7%, and 33%, respectively, in case of the Cu array with a diameter of 5 mm, and by 35%, 8%, and 43% in case of the Cu array with a diameter of 10 mm. In addition, one can see a significant increase in the efficiency of the energy transfer to the generated converging water flow. Here, let us remember once more that when a reflector was used, there was about a 15% decrease in the energy deposited into the wires. In spite of this, one can see a significant increase in the pressure (energy density) in the vicinity of the implosion axis.
The experimental and simulation results showed, in accord with theoretical predictions, that the application of the reflector allows one to increase significantly the time duration and volume of the highly compressed water. The time dependence of the radial position of a pressure of 100 GPa in the water is shown in Figure 7 . One can see that when the reflector is applied, the volume of water with this pressure increases about 3.4 times and the duration of this pressure in the water increases about 1.75 times.
In Table 2 , one can see that the results of the simulations of the Al wire array without the duralumin reflector showed almost the same values of pressure, density, and temperature as those of the Cu wire array explosion with the reflector, in spite of the significantly shorter SSW TOF in the former case. This apparent contradiction indicates strongly that the increase in the pressure, density, and temperature in the case of the Cu wire array explosion is related to the additional energy delivered to the converging SSW by the SSW reflected from the reflector. This qualitative explanation agrees with the simulation results of the pressure distributions at different times of the converging SSW implosion shown in Figure 8 for the Al wire array explosion without the reflector and for the Cu wire array explosion with and without the reflector.
Simulations of the Al wire array explosion with experimentally measured energy density deposition (even for α = 1) and the SESAME database for Al showed a value for the SSW's TOF that is significantly larger than the TOF value measured in the experiment. In order to fit the experimental data, one has to consider additional energy deposited into the water flow by the Al wire array explosion which, in our case, could be the energy realized by the Al wire's combustion.
Indeed, one can see that, in spite of the fact that the SSW generated by the Al wire array explosion arrives earlier at r ≈ 0.15 mm than the primary SSW generated by the Table 2 . Results of simulated values of pressure, density and temperature at r = 2.5 μm at the implosion axis at the implosion moment when the maximum value of the pressure is realized 8.6 ± 1 1 5 ± 1 14.5 ± 1 21.2 ± 2 1 2 ± 1 2 0 ± 1.5 Fig. 8 . Simulated radial distribution of the pressure behind converging SSW at different times of implosion: (1) Al wire array without the reflector, (2) Cu wire array with the reflector, and (3) Cu wire array without the reflector. The presented profiles correspond to the positions of the SSW front at radii of 1.5 mm, 0.8 mm, and 0.15 mm at times shown in the figure. Cu wire array explosion, the pressure in the vicinity of the implosion axis (r = 2.5 μm) is larger in the latter case due to the additional energy delivered by the reflected SSW (see Table 2 ). In the case of Al wire array explosion, additional energy deposited into the converging water flow results due to the combustion of the Al wires. The maximal amount of energy release related to the Al's combustion can be calculated as (Kortchondziya et al., 1999) :
In the set of experiments presented here, the total mass of the Al wires was 0.03 g, which theoretically results in an additional energy of W comb = 450 J in the case of Al wires complete combustion. The experimental data (see Tables 1) show that when an Al wire array is used, the time of the SSW implosion is significantly decreased. This SSW additional acceleration can be related only to the combustion of the Al wires. In order to fit experimental data, results of 1D HD simulations showed that the additional energy deposited into the converging water flow should be about 200 J. In this case, the maximum pressure, density, and temperature of water at r = 2.5 μm are increased by 34%, 7%, and 33%, respectively, in comparison with Cu wire array explosion (without the reflector). The same as in the case of the Cu wire array explosions, application of the reflector in the case of Al wire array explosion results in additional energy of about 170 J delivered to the converging water flow by the reflected SSW. However, in the case of Al wire array explosion, the application of the reflector leads to only an 11%, 2%, and 9% relative increase in values of pressure, density and temperature, respectively, as compared with those values obtained with Al wire array explosion without the reflector. The latter is explained by Al combustion, which results in an additional about 200 J being delivered to the water flow.
To conclude, one obtains that Al wire array (5 mm in diameter) explosion with the reflector allows one to obtain an additional increase in the pressure, density, and temperature at r = 2.5 μm of 48%, 9%, and 46%, respectively, as compared with the case of Cu wire array explosion without the reflector using almost the same deposited energy into the exploding wire array.
Optimization of the Reflector Position
The experimental and simulation results showed that the decrease in the SSW TOF and, respectively, the increase in the values of pressure, temperature, and density of water in the vicinity of the implosion axis is obtained only when the reflector is made of a material, with a density value that is significantly greater than that of water, and when the reflector is placed close to the wire array. The first optimization condition follows from the reflection law, which requires one to use a reflector material whose mass density is much higher than water density, in order to obtain the largest value of the reflection coefficient. This dictates the use of metals or their alloys, which are simultaneously resistant to shocks. The second optimization condition requires that the reflected SSW arrives at the implosion axis with as small as possible a delay behind the primary converging SSW, and that no breakdown to reflector occurs. Optimization of these two conditions allows one to achieve maximal value of pressure in the vicinity of implosion axis. Here let us note that one cannot install the reflector in the vicinity of the wire array because of the electrical breakdown that would occur between the exploding wire and the conducting reflector. Therefore, a set of simulations was performed in order to find the optimal distance between the wires and reflector when using duralumin as the reflector material. In addition, simulations were performed that considered different rates of energy deposition while keeping the total deposited energy value the same. Namely, in these simulations, the full width half maximum durations of the power deposition were 150, 300, and 600 ns in order to obtain the optimal reflector diameter for pulsed generators having 200, 400, and 800 ns current rise times and, respectively, different rates of energy deposition (Bazalitsky et al., 2011) . It should be mentioned that in the case of a 5 mm and 10 mm array radius, for a 400 ns discharge current rise time the energy deposition was obtained experimentally. The results of these simulations for explosions of wire arrays being 5 mm and 10 mm in diameter are shown in Figure 9 . One can see that in order to obtain the highest pressure in the vicinity of the implosion axis, the optimal value of Δr for wire arrays with different diameters is almost not affected by the current rise time and is equal to 0.2 mm and about 0.45 mm for wire arrays with a diameter of 5 mm and 10 mm, respectively. In fact, the effect of the reflector on the pressure in the vicinity of the implosion axis can be noticed also at distances Δr greater than the optimal, and it is changes as a function of current rise time. In addition, one can see that the faster the rise time of the discharge current and, respectively, the shorter the full width half maximum of the deposited energy, the smaller is the distance Δr required to obtain an increase in the SSW pressure at r ≤ 2.5 μm. This is explained by a faster SSW propagation toward the implosion axis when the energy deposition rate is faster. An increase in the diameter of the wire array allows one to increase also the value of Δr. However, in this case a smaller resultant pressure is obtained at r ≤ 2.5 μm than when the diameter of the wire array is smaller for the same energy deposition rate.
In addition, a set of 1D HD simulations of Cu wire array explosion was performed using different specific mass densities of the reflector material. Here again, HD simulations were coupled to the SESAME database of equation of states. The purpose of these simulations was to find the dependence of the energy reflected from the reflector toward the implosion axis on the specific density of the reflector material's mass. It was found that this dependence is in good agreement with theoretical estimates based on mass and momentum conservation laws. The dependence of the efficiency of the transfer of the energy deposited into the exploding wire to the converging water flow on the mass specific density of the reflector placed at the optimal distance from the wire array is shown in Figure 10 . In these simulations, the rate of energy deposition into the wires was equal to the experimental data obtained in a typical explosion of a Cu wire array with a diameter of 5 mm. One can see that there is no significant improvement in the efficiency value when the reflector's material has a mass density higher than about 7 g/cm 3 . These simulation results agrees with experimental data showing that the fastest SSW TOF (795 ± 5 ns) is obtained in the Al wire array (5 mm in diameter) explosion with a reflector made of stainless steel. Following experimental data, simulations showed that the pressure and density of water at r = 2.5 μm to be 536 GPa and 4.23 g/cm 3 , respectively. The latter exceeds the pressure and density of water in the case of Cu wire array explosion without the reflector in 67% and 12%, respectively.
Second Light Emission Pulse
Recent results for water selflight emission obtained in experiments with a microsecond timescale of wire array explosions showed that an intense and short-duration radiation pulse when the SSW arrives at the implosion axis is followed by a second light emission pulse. The latter is delayed with respect to the first light emission pulse by 1-2 μs and it is of significantly larger time duration (>10 −6 s). In Fedotov-Gefen et al. (2011) , it was considered that a possible reason for the second emission pulse is the compression of the "water plasma" by the SSW reflected from the exploded wire array. However, the results of our modified 1D HD simulation showed that the SSW reflected from the exploded and expanded wire array has a negligibly small effect on the pressure in the vicinity of the implosion axis. Thus, the appearance of the second light emission is not governed by the SSW reflected from the Cu layer. The same simulations results showed that the time of the beginning of the second light emission pulse is in good agreement with the time when water reaches its binodal state, which is accompanied by the rapid formation of bubbles. The generation of bubbles causes a drastic increase in the scattering of the light that is continuously emitted by the exploded Cu wires Veksler et al., 2009) . This scattered light is obtained as the second light emission pulse. This explanation was experimentally proven in experiments with the same wire array explosion but with a non-transparent black dielectric tube about 8 mm in diameter, installed co-axially inside the array. These experiments showed the same first short duration emission pulse as without the tube, and the absence of the second light emission pulse.
In Figure 11a , one can see the waveform of the second light emission pulse obtained in experiments with a Cu wire array (10 mm in diameter) explosion. The result of the 1D HD simulations for this explosion, using the values of energy density deposition into the wire array that had been measured experimentally, showing radial dependence of the water reaching binodal state versus time, is presented in Figure 11b . These simulations showed that the formation of water in the binodal state occurs due to two processes. On the one hand, when the SSW reflected from the implosion axis reaches the "Cu layer," the density of which at that time is smaller than the density of the water behind the SSW front, one obtains formation of the rarefaction wave, which propagates towards the implosion axis. On the other hand, the pressure and density of the water behind the SSW reflected from the axis decreases rather fast and at time t > 3.6 μs (see Fig. 11b ) one obtains conditions for the binodal state of water almost simultaneously up to a radius of 3 mm. Fig. 10 . Efficiency of the energy deposition to the converging water flow versus mass specific density of reflector material for the case of Cu wire array with a diameter of 5 mm. The dashed line corresponds to the SSW reflection from a reflector with infinitely high density.
SUMMARY
Experimental research and 1D HD simulations showed that application of a reflector made of a material whose density is significantly larger than that of water, placed outside the exploding wire array, allows one to increase the efficiency of the transfer of the energy deposited into the wires to the converging water flow and, respectively, to increase the values of pressure, density, and temperature of water in the vicinity of the implosion axis. Namely, experiments with a duralumin reflector showed that at r = 2.5 μm the values of pressure, density, and temperature increase by 38%, 7%, and 33%, respectively, in the case of Cu wire array. An additional increase in water density, pressure, and temperature in the vicinity of the implosion axis can be achieved using an Al wire array explosion with reflector made of stainless steel. In this case, the maximum pressure and density at r = 2.5 μm are increased by 76% and 12%, respectively, as compared with Cu wire array explosion without the reflector due to additional energy delivered to the converging water flow during Al combustion and by reflected SSW.
Finally, experiments carried out with the explosion of Cu wire arrays, with and without a dielectric tube that is not transparent for visible light installed inside the exploding wire array, and 1D HD simulations showed that the second light emission pulse is related to the formation of bubbles because of the water boiling at the time when the pressure decreases below critical value and the water reaching its binodal state. 
